Results on an optical waveguide filter operating in the near IR region are reported. The device consists of a hybrid sol-gel -based grating loaded waveguide, obtained through the merging of conventional photolithography and UV-nanoimprinting. Starting from submicrometric gratings, fabricated by electron beam lithography, a soft mould has been produced and the original structures were replicated onto sol-gel photosensitive films. A final photolithographic step allowed the production of grating-loaded channel waveguides. The devices were optically characterized by transmission measurements in the telecom range 1450-1590 nm. The filter extinction ratio is −11 dB and the bandwidth is 1.7 nm.
Introduction
The huge demand for faster and more efficient data exchange (internet, video remote control, video private telecommunications, etc.) pushes towards photonic devices, which potentially offer much faster performances with respect to traditional interconnection and data processing based on electrons. The diffusion of optical technologies in telecommunications (TMC) requires the development of highly reliable and low-cost photonic devices (emitters, modulators, switchings, waveguides, detectors, etc.) with a high level of integration. Bragg grating optical filters are key elements in many integrated optical devices such as wavelength-division multiplexing (WDM) [1] , optical fibre sensors [2] [3] [4] , gainflattening filters [5] , add-drop multiplexers (OADM's) [6] , optical couplers, resonators, and modulators [7, 8] .
Over the past decade, extensive research was conducted in order to identify and improve such elements, but the device fabrication is quite expensive since it requires nanometric resolution which is obtained by means of sophisticated lithographic methods (deep UV or electron beam lithography). Most of the devices developed up to now remain at laboratory level or results very expensive and not suitable for large mass production. In order to overcome this limit, unconventional fabrication techniques have been very recently implemented with the aim of obtaining high-performance and low-cost devices [9] . In particular, nanoimprinting and soft lithography, which are nonphotolithographic processes, based on replica molding for micro-and nanofabrication [9] emerged as a valid and fast-processing alternative to traditional fabrication processes. Their cost effectiveness along with the high-quality reproduction of nanopatterned hard masters makes soft lithography an attractive technique for large-scale device production. In the very last years, several Bragg grating-based optical devices have been demonstrated by merging conventional and unconventional fabrication techniques [9] [10] [11] [12] [13] [14] . Moreover, the great potential of nanoimprinting lithography has been demonstrated recently, also on large-area samples, by roll-to-roll and roll-to-plate nanoimprinting techniques [15] . Such methods are therefore suitable for exploitation on large-area and large-scale production at the same time.
In this paper, we report results on the fabrication of solgel-based optical filters operating in the IR range obtained by a combination of soft lithography and photolithographic procedures. The integration of sol-gel materials with soft lithography processes extends advantages and versatility 4 ] (indicated in the following as "Ti") and 3-(trimethoxysilyl)propyl methacrylate, ("TMSPM") as precursors in weight ratio 1 to 4, respectively. Moreover, in order to produce a photosensitive material, an amount of 4% in weight of a photoinitiator (Irgacure 184 provided by CIBA) was added. The two solgel precursors were purchased from Sigma-Aldrich and have been used without further purification. Further details related to the chemical synthesis of Ti : TMSPM (1 : 4) planar and channel waveguides fabrication are reported in a recent work [16] .
Devices.
The developed device is a hybrid sol-gel-based Bragg grating waveguide acting as an optical filter in the third telecom window. Such device has been obtained through the merging of conventional photolithography and UVnanoimprinting. The structure was fabricated onto Si (100)-type substrate with thermally grown 8 μm SiO 2 layer, acting as an optical insulating buffer.
The filtering element is composed by a ridge-type single mode waveguide with a relieve Bragg grating on its top. Once radiation at different wavelengths is coupled into the channel, the effective refractive index modulation caused by the grating allows filtering of a specific frequency exploiting the partial reflection at each periodic stack, according to the equation:
λ f is the filtered wavelength, Λ the grating period, and n eff the effective refractive index of the waveguide at λ f . The overall reflection efficiency depends on the specific morphology of the grating, namely periodicity, depth of the grating, and length of the device.
Device Fabrication.
Device fabrication is based on a replica of a hard master with desired features. Such master was realised through electron beam lithography (EBL). Our electron beam is equipped with a field emission gun with electrons accelerated at 100 kV allowing a spatial resolution down to 20 nm line width; it was used in order to fabricate Si 3 N 4 hard master gratings having specific dimensions matching device design described in the following. Morphological characterization of the surfaces nanostructured by EBL process was performed by atomic force microscopy (AFM) measurements using a VEECO Instruments AFM. An image of a planar master grating and the profile with the shape and the height of the structures are shown in Figure 1 .
The first step of the procedure was the soft mould fabrication through soft lithography (SL) process using the rigid EBL master (right side of Figure 2(a) ). To this end, liquid elastomer polydimethylsiloxane (PDMS Sylgard 184, Dow Corning) was directly poured onto Si 3 N 4 master. The hard master covered with PDMS solution was left in lowvacuum chamber for 30 and subsequently cured at 75
• C for further 90 . After this time, the soft mould was peeled-off ("de-moulding" process) the hard master (Figure 2(a) ). The mould so obtained resembles with a high accuracy the hard master shape [9] [10] [11] [12] .
For grating replication, PDMS mould was placed in conformal contact with a photosensitive planar sol-gel Ti/TMSPM (1 : 4) film deposited by spin coating onto the Si/SiO 2 substrates. The film thickness was calibrated in order to obtain a single-mode waveguide at 1550 nm.
The system is irradiated, after the contact, using an UV Xe-Hg lamp (λ = 280 nm-400 nm) with intensity I L = 160 mW/cm 2 to promote the polymerisation of the methacrylate groups of TMSPM and the densification of the material (Figure 2(b)-left side) . Then the PDMS mould is gently removed leaving the periodic modulation on the hybrid sol-gel film surface (right side of Figure 2(b) ).
In order to define the correct UV exposure time for matrix densification, previous tests were performed on planar films with similar thickness. The refractive index n was measured by means of a variable angle spectroscopic ellipsometer (VASE J.A. Woollam Co.). Changes of the optical properties of the material as a function of UV irradiation have been recently studied in detail [10, 13] . After 10 seconds of UV irradiation at 160 mW/cm 2 , following results of previous FTIR studies [16] , the polymerization degree of TMSPM sol-gel precursor reaches a plateau value and, similarly, refractive index increases from 1.49 up to a value of 1.53. Any further irradiation does not affect index of refraction, indicating a complete polymerization of the organic compound.
The final step of the fabrication process (Figure 2(c) ) was the channel waveguide definition: a photoresist (PR) (S1813 Shipley) has been poured on top of the patterned sol-gel sample and spun at 3000 rpm in order to obtain a 1.3 μm PR film. Then the samples underwent a prebake step at 90
• C on a hot plate for 5 minutes in order to evaporate residual solvents. UV exposure through a prefabricated chromium/quartz mask was performed by means of a mask aligner in order to define channel waveguides perpendicularly oriented with respect to the Bragg gratings. A development step was then accomplished in Shipley developer MF319 to remove the unexposed parts. Subsequently, a hard bake step followed and samples were left at 125
• C for 20 .
The lateral definition of the waveguide was finally accomplished by a reactive ion etching (RIE) process. A gas mixture SF6-Ar with a working pressure of 60 mTorr has been used and the RIE power density was 0.33 W/cm 2 . The measured etching rate was ∼60 nm/min. The dimensions of the final device were 6 μm width and a length of 3 cm. The smoothness of the side walls and the good definition of the channels can be appreciated in Figure 3 where the 3-dimensional AFM image of the final Ti/TMSPM (1 : 4) wavelength filter device is reported. Channel thickness has been measured by means of an α-step profiler (Techno Instruments). The height of the structure was about 1.8 μm.
Results and Discussion
Our goal was the manufacturing of an integrated filter operating in the third window of telecommunication band. In order to fulfil this intention, the dimension of the channel waveguide (width and height), the grating depth, and the grating period have to be accurately chosen, taking into account the refractive index n of the Ti/TMSPM. On this regard, preliminary computer simulations have been carried out. First of all, the value of n eff in (1) has to be correctly calculated. Such value depends on the material but also on the width and height of the channel waveguide. Its value was estimated by finite element method (FEM) numerical model considering that our structure has a fixed width of 6 μm and a height that varies periodically with the periodicity of the imprinted grating. For such reason, two different thickness of channel have been considered, namely, 1800 and 1960 nm. These values are related to the layer thickness of the initial planar waveguide and to the maximum grating depth attainable with the hard master defined with EBL (160 nm). We calculated a minimum value of effective refractive index (corresponding to a waveguide without grating) and a maximum value corresponding to a thicker waveguide including 160 nm extralayer (corresponding to the height of the grating). The proper n eff value used in (1) (n eff = 1.489 at 1550 nm, TE polarization) was the average value of the two above mentioned calculations. Inserting this value in the equation, it results that a grating period of 519 nm should generate a channel waveguide filter acting at 1544 nm. For these reasons, the EBL master was designed and fabricated with a periodicity of 520 nm and a depth of 160 nm.
The morphology of the final device obtained applying the UV-nanoimprinting and the subsequent ridge channel RIE definition is shown in Figure 3 . Comparison of the morphology of the hard master and final nanostructured solgel layer shows that no appreciable shrinkage occurs.
To test our device, a collimated TE-polarized beam coming from a pigtailed, tuneable diode laser source (Nettest, Tunics-Plus) has been coupled by end fire into our device. In order to obtain low-coupling losses, cleaving procedure was used for producing a clean in-and endface of the waveguide device. Light collected at the end of the channel waveguide by a 20x microscope objective was focused onto a germanium photodiode.
Transmission test of the channel waveguide has been performed as a function of wavelength by scanning the laser light in a range between 1450 nm to 1590 nm in order to evaluate the transmittance of the device. In Figure 4 , the transmittance spectrum of the system is reported. Filtering effect has been obtained at 1543.7 nm. In the figure is also reported (solid line) a Lorentzian fit of the experimental data showing that the transmission dip is about −11 dB and the bandwidth at full width half maximum (FWHM) is 1.7 nm. Experimental data are fully consistent with the theoretical design and computer simulations. The high-quality performances of our filter show that the UV-nanoimprinting represents a valid route to produce devices with characteristics as good as that obtained by direct EBL fabrication process. Moreover, this technique is suitable for large-scale production due to the intrinsic reproducibility of the process where the same hard master can be used many times.
Conclusion
Ti-based wavelength filter, fabricated by the merging of conventional photolithography and UV-nanoimprinting, has been produced. The process was applied for the fabrication of a channel waveguide based on hybrid sol-gel material with Bragg grating imprinted on its top, thus obtaining an efficient IR-integrated optical filter with rejection up to 11 dB and bandwidth of 1.7 nm.
